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Polarity discontinuities at the interfaces between different crys-
talline materials (heterointerfaces) can lead to nontrivial local
atomic and electronic structure, owing to the presence of dan-
gling bonds and incomplete atomic coordinations1–3. These dis-
continuities often arise in naturally layered oxide structures,
such as the superconducting copper oxides and ferroelectric
titanates, as well as in artificial thin film oxide heterostructures
such as manganite tunnel junctions4–6. If polarity discontinuities
can be atomically controlled, unusual charge states that are
inaccessible in bulk materials could be realized. Here we have
examined a model interface between two insulating perovskite
oxides—LaAlO3 and SrTiO3—in which we control the termin-
ation layer at the interface on an atomic scale. In the simple ionic
limit, this interface presents an extra half electron or hole per
two-dimensional unit cell, depending on the structure of the
interface. The hole-doped interface is found to be insulating,
whereas the electron-doped interface is conducting, with ex-
tremely high carrier mobility exceeding 10,000 cm2V21 s21. At
low temperature, dramatic magnetoresistance oscillations peri-
odic with the inverse magnetic field are observed, indicating
quantum transport. These results present a broad opportunity to
tailor low-dimensional charge states by atomically engineered
oxide heteroepitaxy.
An early discussion of polarity or valence discontinuities arose in
the consideration of the growth of GaAs on (001)-oriented Ge1,2.
Both semiconductors have the same crystal structure and nearly
exact lattice match, thus representing promising materials to
combine direct and indirect bandgap semiconductor functions.
Just at the interface, however, there are incomplete bonds at the
termination of the group IV Ge layer and the commencement of
III–V alternations of GaAs. There have been recent attempts to
design interfaces on the atomic scale to compensate for these
dangling bonds7. Layered oxide crystal structures can be viewed as
an intimate sequence of valence discontinuities, often involving
charge-transfer over a few atomic positions. The myriad of stacking
sequences such as the perovskite-derived Ruddlesden–Popper
phases, constructed as Anþ1BnO3nþ1, for 0 # n # 1, involve
accommodating this charge transfer while maintaining global
charge neutrality8,9. Recently, lamellar contacts between members
Figure 1 Growth and schematic models of the two possible interfaces between LaAlO3
and SrTiO3 in the (001) orientation. a, RHEED intensity oscillations of the specular
reflected beam for the growth of LaAlO3 directly on the TiO2 terminated SrTiO3 (001)
surface. b, Schematic of the resulting (LaO)þ/(TiO2)0 interface, showing the composition
of each layer and the ionic charge state of each layer. c, RHEED oscillations for the growth
of LaAlO3, after a monolayer of SrO was deposited on the TiO2 surface. d, Schematic of
the resulting (AlO2)
2/(SrO)0 interface.
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Figure 4.11: Gate voltage dependence of the low temperature out-of-plane magne-
totransport of a LaAlO3/SrTiO3 interface up to 14 T. a and b, respectively, relative
magnetoresistance (MR) and Hall effect (HE) recorded at various gate voltages. c and d,
respectively, amplitude of the relative MR at 7 and 14 T and relative difference between the
slope of Rxy at 7 or 14 T and 0 T (in absolute value). Sheet conductance at zero magnetic
field is used as an indicator of the state of the system or, equivalently, of its filling level
and defines the color code in agreement with data in graph c or d. Due to the presence of
superconductivity, the relative amplitudes are calculated using an extrapolation of the data
below ⇡ 1T.
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The superconducting transition temperature T, of SrTiO3 has been measured for specimens having elec-
tron carrier concentrations n. from 6.9X10" to 5.5&(10' cm '. The curve exhibits a maximum in T, for
n, near 9)&10"cm '. The transition temperature has also been calculated using one adjustable parameter
(, the intervalley deformation potential, in addition to the known normal-state properties of SrTi03. A good6t to the experimental curve is obtained.
I. INTRODUCTION
FOLLOWING the application of the theory of super-
conductivity to the case of degenerate semiconduc-
tors and semimetals, ' superconductivity was observed
in the semiconducting compounds GeTe, ' SrTiQ3,' and
SnTe.4 A brief discussion of the variation of the super-
conducting transition temperature T, with electronic
carrier density e, for SrTi03 has been presented. ' In
that paper we pointed out that the curve of T, versus
e, for SrTiO3 contains a maximum value of T„al-
though a rough application of the simple BCS expres-
sion' T, eD expI —1/LN(0) V)I would predict a mon-
atonic dependence of lnT, on (n, )Its through the rela-
tion" N(0) ~n, tt' We a.lso mentioned that the observed
dependence of T, on n, could be explained qualitatively
through the proper inclusion of screening of intervalley
and intravalley interactions. We now have found the
transition temperature at a larger number of concen-
trations in order to fix the curve T, versus m, more
accurately, and, in addition, we have performed quan-
titative calculations which show that the experimental
curve can be Q.tted quite closely using the measured
properties of the system in the normal state and both
intervalley and intravalley interactions.
*Present address: National Bureau of Standards, Washington,D.C. Supported in part by the National Science Foundation.t A. P. Sloan Foundation Fellow. Supported in part by the
National Science Foundation.
f. Supported in part by the Advanced Research Projects Agency.) Supported in part by the National Aeronautics and Space
Agency.' M. L. Cohen, Phys. Rev. 134, A511 (1964).'R. A. Hein, J. W. Gibson, R. Mazelsky, R. C. Miller, andJ. K. Hulm, Phys. Rev. Letters 12, 320 (1964).
3 J. F. Schooley, W. R. Hosier, and M. L. Cohen, Phys. Rev.
Letters 12, 474 (1.964) .' R. A. Hein, J.W. Gibson, R. S. Allgaier, B.B.Houston, Jr.,R. Mazelsky, and R. C. Miller, in Proceedings of the ninth Inter-
national Conference on I.ow Temperature Physics, edited by J. G.
Daunt, D. V. Edwards, F. J. Milford, and M. Yaqub (Plenum
Press, Inc, , New York, 1965), p. 604.' J. F. Schooley, W. R. Hosier, E. Ambler, J. G. Becker, M. L.
Cohen, and C. S. Koonce, Phys. Rev. Letters 14, 305 (1965).' J. Bardeen, L. N. Cooper, and R. SchrieGer, Phys. Rev. 108,
1175 (1957).
7 See for example, Charles Kittel, Introduction to Solid State
Physics (John Wiley 8z Sons, Inc., New York, 1956), 2nd ed, ,p. 250.
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Strontium titanate has been found to have a super-
conducting transition temperature greater than 0.05'K
for electron concentrations in the conduction band be-
tween 8.5&(10' and 3.0&10 cm . This is the widest
range of charge carrier concentrations over which any
superconductor has been shown to be superconduct-
ing. In addition, these concentrations represent the
lowest concentrations at which superconductivity has
been observed. s
Because superconductivity occurs at such low carrier
concentrations, we may assume a parabolic behavior
of the conduction band near the Fermi surface which
will be near the minima of the conduction band, and
use the normal-state properties of the material to cal-
culate the superconducting properties. The values for
the normal-state properties used, along with references
to the experiments by which they were measured, are
given in Table I.
Since the complete curve of superconducting transi-
tion temperature as a function of carrier concentrations
has been obtained, we can use the wealth of informa-
tion contained in this curve to test our knowledge of
the normal-state properties of SrTiQ3, and also to test
the theory of superconductivity. Since the deformation
potential for intervalley processes is not known for
SrTi03, a value for it will be taken which gives a
superconducting transition temperature near the ex-
perimental transition temperature at a given electronic
concentration. The same value of the deformation po-
tential will then be used to calculate the transition
temperature at all concentrations. All other physical
properties entering into the calculations will be taken
within the experimental uncertainty in their measure-
ment in the normal state. Since the transition tempera-
ture increases, reaches a maximum, and then decreases
vnth increasing concentration, a one-parameter fit to
the curve is quite demanding on the many norma]. —
state parameters. Any substantial variation in the
SAddition of a few percent BaTiO3 reduces the minimum
carrier concentration for superconductivity by more than an
order of magnitude thus increasing the superconducting range
even further. See J. F. Schooley, H. P. R. Frederikse, W. R.
Hosier, and E. R. Pfeiffer, Phys. Rev. 159, 301 (1967).
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TABLE II. Properties of SrTi03 specimens.
Specimen
HR5
HR52 slab
TiR2b
TiR10 slab
HR51 slab
HR22
HR28 slab
Nb8 slab
HR27c slab
TiR11 slab
HR70 slab
Nb9 slab
HR6 sph
HR6 slab
HR72 slab
HR3
TiR19 slab
HR33 stress
HR33 slab
HR57
HR24 sph
HR61 slab
TiR13 slab
Nbio
HR73 slab
HR74 slab
TiR2c slab
HR69 slab
HCR2
e, (4.2'K)
(cm ')
6 9X10'8
7 6X]018('I.6X10")7.8X10j8
8 5X10'89.4X10"1.0X10»1.3X10»1.3X10»1.4X10»
1.5X10»1.66X10»1.89X10'
(2.5X10&9)d2.5X10»2.7X10ia
3 1X10»
4 9X10»
(6.3X10»)~6.3X10»6.7X10»(7.2X10»)(1.0X10")d1.1X10'o
i.2X10M1.5X1Q'o1.66X10so
1 95X102o2.1X10so3.OX102o
(4 OX1P0)
5 5X10'o
(5 5X1P')
p (4.2'K)
(n cm)
3.8X10 4
2 7X10 4
3.6X10 43.4X10 44.2X10 42.8X10 42.4X10 49.0X10-52.9X10-4
3.2X10 43.3X10 47.5X10-5
(2.3X10 4)2.3X10 42.6X10 4
4.0X10-42.6X10 4
(2.8X10 ')2.8X10 4
2 ~ 3X10 4
(2.8X10 4)
2 ~ 6X10 4
2, 4X10-46.1X10 52.2X10 42.3X10 42.6X10 42.1X10 4
1.7X10 4
& (4.2'K.)(cm'/V sec)
2440
3120
2280
2210
1620
2280
2050
5470
1580
1330
1170
4510
(1110)
1110
912
516
504
(364)
364
415
(280)
224
222
699
175
143
117
102
68
Measuredr. ('K)
&0,06
(0 ~ 05) ~&0.070.06—0.070.085&0.050.12
Q. 090.057
0.070.1270.1830.1460.1660.213 o0.2040.1660.273
0.2780.2730.275(0.290)$0.268
0 280 o0.2830.2850.410.1980.1200.2950.06
(0 030)a&0.05
(0 020) s
Calculated
T, ('K)
&0.070.07
0.07
0.09
0.10 b
0.10
0.14960.14770.15
0.170.25 b
0.26
0.260.300.30
0.260.21
0.150.120.040.01
0 ' 002
Transition temperatures assumed for purposes of the calculation.
Double value indicates the range of purely computational uncertainty in the numerical calculation.
o Values found experimentally in two separate experiments.
~ Normal-state properties measured on companion samples.
mens on which Hall and resistivity measurements had
been made and which thus required no further special
handling.
Table II contains a summary of normal-stat|'. and
superconductivity data for the specimens discussed in
'this paper. Note that the mobility p of the Nb-doped
samples is 2 to 3 times larger than that of HR- or
TiE;reduced specimens for a given carrier concentra-
tion, in spite of the fact that the Nb-doped samples
were polycrystalline. The degeneracy temperature for
even the most lightly reduced sample is near 3'K,
assuming a "density-of-states" mass m&*=5m0.' The
mobility also becomes constant with temperature at
low temperatures which, assuming impurity scattering,
suggests complete degeneracy.
B. T, Measurements and Results
T, Meuslrements
The temperature dependence of the magnetic sus-
ceptibility of each specimen was observed from about
'H. P. R. Frederikse, W. R. Hosier, and W. R. Thurber, J.
Phys. Soc. Japan Suppl. 21, 32 (1966).
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FIG. 2. Transition temperature as function of carrier c n-
c ntration. The plain solid circles represent experimental data.
The bracketed s lid circles are fictitious data used as input
in the transition temperature calc lation. The open ci cl s show
the results of the calculation, and the smooth dashed curve was
drawn for illustrative purposes.
0.05'K through T„using a mutual inductance appa-
ratus operating at 270 Hz.
A schematic dr wing of the low-temperature portion
of the apparatus is shown in Fig. 3.For ease of handling,
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the Nernst effect was also measured and found to display
giant oscillations with a frequency identical to the SdH effect
as reported previously [7]. As seen in the figure, the main
frequency smoothly evolves with doping. Moreover, at two
critical doping levels new frequencies emerge. Figure 1(b)
shows the evolution of the superconducting transition temp-
erature of the same samples. The most underdoped samples
(nH < 4 × 1017 cm−3) did not show a superconducting
transition down to 60 mK. Nevertheless, they presented a
sharp Fermi surface, indicating that superconductivity is
preceded by (or concomitant with) the intersection of the
chemical potential and the bottom of the conduction band.
The most striking feature of the figure is a clear change in
the slope of TcðnÞ in the vicinity of nc1. This is the first new
result of this study.
Figure 1(c) compares our data with the early work
reported by Schooley et al. [2]. For each sample, the error
bar represents the width of the resistive transition, i.e., the
interval between two temperatures corresponding to 0.1
and 0.9 drops in resistivity (see our data in Fig. 2). While the
two sets of data match roughly with each other, the structure
in the dilute limit is far more clear in our data. The panel
shows also the interface dome, restricted to a narrowwindow
far above the concentration range scrutinized by this work.
The evolution of resistive superconducting transitions with
carrier concentration across nc1 is visible in Fig. 2.
The SdH data leading to an unambiguous identification
of nc1 are presented in Fig. 3. The oscillating component
of magnetoresistance, obtained after the subtraction of a
smooth background (obtained by a polynomial fit), is plotted
as a function of the inverse of magnetic field times the main
frequency. The sample with the lowest carrier concentration
shows a single set of oscillations with split peaks. We
attribute this splitting to the presence of tetragonal domains
in our crystals. Recently, Allen et al. [13], by performing an
angle-dependent Shubnikov–de Haas study, found that the
Fermi surface of the lower band is larger along kz than along
either kx or ky. In our study, the magnetic field is applied
along the cubic [100] axis. Below 105 K, in the tetragonal
phase, our samples can host three domains corresponding
to the three possible orientations for the tetragonal z axis.
As illustrated in Fig. 3(b), there would be two possible
magnitudes for the cross section of the Fermi surface, when
the magnetic field is along the nominal [100] axis. In this
case, the main frequency corresponds to the smaller cross
section, which is 2 times more likely to occur than the larger
one. As discussed in detail in the Supplemental Material
[15], this interpretation is in very good agreement with the
known topology of the Fermi surface.
FIG. 1 (color online). (a) Detected frequencies of quantum
oscillations as a function of carrier concentration. At two criti-
cal doping levels, designated as nc1 and nc2, a new frequency
emerges. At each critical doping a new band starts to be occupied.
(b) Superconducting resistive transition temperature (on a log-
arithmic axis) as a function of carrier concentration. Solid squares
represent reduced samples (SrTiO3−δ) and open squares
Nb-doped samples (SrTi1−xNbxO3 with x ¼ 0.02, 0.01, 0.002,
and 0.001). Error bars represent the width of transition. (c) Tc (on
a linear axis) as a function of carrier per formula unit. Our data are
compared with those reported by Schooley and co-workers [2].
The red shaded region shows the rough contours of super-
conductivity in the SrTiO3=LaAlO3 interface [4,17,18].
0.1 0.2 0.3 0.4 0.5 0.6
0.0
0.4
0.8
1.2
0.1 0.2 0.3 0.4 0.5 0.6
0.00
0.02
0.04
0.06
0.08
1.93 1018
2.25 1018
2.88 1018
3.88 1018
4.1 1018
ρ
(m
Ω
.
cm
)
T (K)
5.5 1017 cm-3
6.79 1017
1.06 1018
1.2 1018
1.65 1018
SrTiO3-δ(a)
ρ
(m
Ω
.
cm
)
T (K)
1.6 1019 cm-3
3.18 1019
1.6 1020
3.47 1020
SrTi1-xNbxO3(b)
FIG. 2 (color online). Low-temperature resistivity of reduced
(a) and Nb-doped (b) single crystals. Note the continuous
evolution of resistive transitions in reduced samples. As the
doping increases, the transition first shifts to higher temperatures
and then remains more or less constant.
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FIG. 2. Evolution of µ0H?c (red points) and µ0H//c (blue points)
as a function of temperature and doping (substituted by the sheet
conductance at zero magnetic field, see text). 50% of the normal
state resistance was used to determine the critical fields and tem-
peratures. Thick lines are the extrapolations of the critical fields to
T = 0K. µ0Hpc is the Pauli paramagnetic limit. The data presented
on the dashed grids are cuts at µ0H = 0T and  2D = 0.83mS.
sample with a different, yet comparable, tuning range is
presented in the Supplemental Material. An efficient way to
overcome the difficulty of comparing samples with different
tunability is to use the sheet conductance at zero magnetic
field  2D rather than Vg to identify the state of the system
[8, 21]. Hence, in what follows we use  2D as an indicator
of the doping level of the interface.
Fig. 2 shows the evolution of µ0H?c (red data points)
and µ0H//c (blue data points) as a function of temperature
and doping. Raw SC transitions as well as details on the
experimental determination of µ0Hc can be found in the
Supplemental Material. We observe that both fields follow
roughly the same evolution in doping but that their magni-
tude (far from Tc) is very different. Indeed, extrapolating
the data to T = 0K1 one obtains, in the optimally doped
1 Only µ0H
//
c (0) is a linear extrapolation of µ0H
//
c (T ) to 0 K. To determine
the perpendicular upper critical field at 0 K we follow ref. 22 and use
µ0H?c (0) = 0.693Tc[d(µ0H?c )/dT]Tc .
(b)
(a)
FIG. 3. Normalized critical magnetic field µ0Hc(T)/µ0Hc(0)
versus normalized temperature T/Tc for all the dopings and in the
(a) perpendicular and (b) parallel magnetic field configuration. In
(a) the gray line is the function 1  x while (b) it is p1  x .
regime, µ0H//c ⇡ 2.5T while µ0H?c is only ⇡ 180mT. This
strong anisotropy is maintained across the phase diagram
with µ0H//c/µ0H
?
c always in the range ⇡ 10  20. This ob-
servation is inline with the 2D nature of superconductivity
at the LaAlO3/SrTiO3 interface.
According to Ginzburg-Landau (GL) theory, in 2D, the
perpendicular and parallel critical fields have a different
dependence on temperature (close to Tc). While µ0H?c /
(1  T/Tc) (like in 3D), µ0H//c /
p
1  T/Tc. This is due to
inability of creating vortices with an in-plane field in 2D sys-
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»
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//
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) we
estimate ⇠0 ⇡ 200  300nm 2. In addition to this, such a
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FIG. 3: Charge distributions in STO calculated for the two interfaces. The panels display
the charge density (n3D) in logarithmic scale as a function of distance (z) from the interface for n2D
= 0.5 e /u.c. (LAO/STO) and 0.25 e /u.c. (LASTO:0.5/STO). a. Schematic of atomic structures
of the LASTO:0.5/STO interface. b. Results from DFT calculations (solid lines) and P-S model
(dotted lines) for a room-temperature field-dependent STO dielectric constant ✏(E) (see [41] and
Supplementary Information). c. Charge profile estimated with the P-S model (dash line) using the
low-temperature ✏(E) (Supplementary Information). Dash lines indicate the interface. Dot-dashed
line corresponds to the size limit of the largest supercell used in DFT calculations.
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Confining potential 
Superconducting properties
FIG. 2: Superconducting properties and phase diagram of the LASTO:0.5/STO inter-
face. a. Field-e↵ect modulation of sheet resistance (Rs) as a function of T on a semi-logarithmic
scale of the LASTO:0.5/STO interface (bottom panel), in comparison with the LAO/STO inter-
face (top panel, replotted from [21]). For LASTO:0.5/STO, the gate voltage varies from  400 V
to +325 V in steps of 25 V. b. Perpendicular (dots) and parallel (squares) critical fields (H⇤?,
H⇤k ) as a function of temperature (T ) for the as-grown state (left panel) and for a state with
Vg = 300 V (right panel) for LASTO:0.5/STO. The solid line for H⇤k is a fit to the data using
the Ginzburg-Landau formula for a 2D film (see text), while the line for H⇤? is a guide to the eye.
c. Configurations for the measurements of superconducting critical fields applied perpendicular
and parallel to the interface plane. d. Phase diagram of the LASTO:0.5/STO interface, showing
in blue the superconducting state, plotted as a function of the normal-state sheet conductance.
The superconducting layer thickness dSC (left axis, black open square) is compared to that of the
LAO/STO interface [36] (left axis, black solid square). The black dotted line is a guide to the eye.
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FIG. 4: Electronic structure of the two interfaces. Band structures of the LAO/STO (a.)
and the LASTO:0.5/STO (b.) interfaces, calculated by DFT. The t2g bands are labelled according
to their symmetry (dxy, dxz/yz). Schematics of the atomic arrangements, built-in electric potential
(red lines), quantum confinement potential (black lines) and dxy - dxz/yz band splittings of the
LAO/STO (c.) and the LASTO:0.5/STO (d.) interfaces. For a larger extension of the 2DEL, the
band splitting is reduced.
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effective fields related to the elastic, inelastic and spin–orbit
scattering terms, respectively43. Finally, the last term in
equation 1, involving the parameters AK and C, is the Kohler
term that gives an account of orbital magnetoresistance. Fittings
of the experimental data to equation (1) were excellent, as shown
in Fig. 4a,b for both orientations and for different electric fields.
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effective fields related to the elastic, inelastic and spin–orbit
scattering terms, respectively43. Finally, the last ter in
equation 1, involving the parameters AK and C, is the Kohler
term that gives an account of orbital magnetoresistance. Fittings
of the xperimental data to equation (1) were excellent, as shown
in Fig. 4a,b for both orientations and for different electric fields.
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The parameters BSO;AKand Bf extracted from these fittings are
shown in Fig. 4c,d. It turns out that the Kohler term AK became
rather large at positive fields Vg4þ 100V (Fig. 4d), making
difficult a precise evaluation of the spin–orbit term in the regime
of strong electron accumulation. For that reason in Fig. 4c we
plotted the evolution of the term BSO restricted to the range
Vg¼±100V, where accurate values of the spin–orbit
contribution can be obtained.
For the (001) sample, the values of BSO that we obtained from
fittings to equation (1) are in the same range as reported
previously for the same orientation, with a similar asymmetric
dependence of the spin–orbit field with Vg (refs 38,43). In the
regime of depletion (Vgo0V), the values of the spin–orbit field
are BSOo0.5 T, whereas for electron accumulation (Vg40V) the
spin–orbit term rises up to BSOE1.5 T. We thus observe a strong
asymmetric field dependence of BSO for the interfaces along (001).
In contrast, the electrostatic modulation of BSO is very weak along
(110), and the spin–orbit field is largely unaffected by the
electrostatic gating, with values restricted within a much narrower
range BSOE0.6–0.7 T (Fig. 4c). In brief, our analysis demon-
strates that the Rashba spin–orbit fields at the (110) interfaces are
substantially different from those along (001). This observation
illustrates how band engineering based on crystal symmetry can
be exploited to tailor the spin–dependent transport along SrTiO3-
based quantum wells44,45.
Discussion
The different spatial extension of the quantum wells along (001)
and (110) and the different behaviour of the Rashba spin–orbit
fields can be elucidated on the grounds of the modulation of the
2DEG sub-band structure observed in the experiments24 that, in
turn, can be understood using the fundamental concepts of
quantum physics of solids. When we consider the orbitals of t2g
electrons that are confined along (001) or (110), the quantum well
entrapment of dxy, dxz and dyz wavefunctions produces an energy
splitting between the different eigenstates that is inversely
proportional to their effective masses along the confinement
direction46. Figure 5 illustrates schematically the arguments that
we expose in the following. Note that although the full complexity
of the quantum sub-band structure47,48 is ignored in this Figure—
as we depict only one sub-band for each type of orbital— the
essential physics is captured. More specifically, for confinement
along (001), p-type bonding between dxy states leads to small
wavefunction overlapping and large effective mass, while along
(110) s-like bonds between dxy orbitals lead to much smaller
effective mass (Fig. 5a,b). Instead, the overlapping of dxz/dyz
states has intermediate values for both the orientations.
This results in a hierarchy of out-of-plane effective masses given
by m#xy;o001444ðm#xz;o0014;m#xz;o1104;m#zy;o0014;m#zy;o1104Þ
44m#xy;o1104 that, in turn, yields the energy orbital landscape
outlined in Fig. 5c,d, which is in agreement with the 2DEG
sub-band hierarchy observed in X-ray linear dichroism
experiments46,49.
As a consequence of the observed rearrangement of orbital
symmetries, the spatial extension of the 2DEG must change
significantly with the crystal orientation. In this respect, Fig. 5c,d
plot schematically the carrier spatial distributions of dxy, dxz and
dyz states: along (001) the first dxy sub-band is expected to be at
the bottom of the well, with little spatial spread; on the contrary,
along (110) the dxy level raises its energy above the dxz/dyz states,
and its spatial extent is considerably larger. In addition to orbital
occupancy, contributions from the anisotropic character of the
dielectric constant tensor may also influence the 2DEG spatial
extent. Therefore, the modulation of the orbital hierarchy
described here provides a natural explanation for the distinct
anisotropy of the 2D superconductivity and spatial extension for
quantum wells oriented along (001) and (110).
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Figure 5 | Energy landscape and orbital symmetries of 2DEGs at (001) and (110) LaAlO3/SrTiO3 interfaces. (a) Along (001), the overlapping
of dxy orbitals is very small, while it is moderately large for dxz/dyz states. (b) Along (110), the overlapping of dxy orbitals is the largest. Since
the effective mass along the confinement direction is inversely proportional to the orbital overlapping, the hierarchy of masses is given by
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lower energy and the dxy levels are at the top. The different energy hierarchy of orbitals determines a larger spatial extension for 2DEGs along (110) as
compared with (001). (e) Sketches how the dxy and dxz/dyz orbitals are distorted by the inversion symmetry breaking field E0 at the interface. Along (001),
dxy states have a small projection along the out-of-plane direction and they are weakly polarized by E0, whereas dxz/dyz states project along the direction of
confinement and are largely polarized. (f) Instead, along (110), both kinds of orbitals are affected similarly by the interface fields. Within the range
of applied fields, the electrostatic modulation has dissimilar effects on the spin–orbit fields BSO. Along (001), only dxy orbitals are filled at Vgo0, whereas at
Vg40 the dxz/dyz states are progressively occupied. Thus, at low electrostatic doping, BSO is smaller because of the relatively small atomic orbital
polarization of dxy states, whereas the population of dxz/dyz orbitals at positive Vg increases significantly BSO. Instead, along (110) the dependence of BSO on
the applied fields is weak, because all t2g orbitals are expected to undergo polarizations of similar strength.
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SrTiO3 - a quantum paraelectric
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SAMPLE B Migoni, Bilz, and Bauerle. Its clue is the anisotropic
oxygen intra-ionic and biquadratic polarizability
Ep T; T;. This nonlinear theory and earlier less com-
plete ones are compared to our results. In the Ap-
pendix the mean-field result, ' but within the self-
consistent single soft-mode theory, is recalled. ' This
is helpful in understanding the physics of the
suppression involved.
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FIG. 1. Geometry of samples used for dielectric-constant
measurements (E is the ac field), o-,h is the stress applied by
thermal treatment, ~ is the externally applied stress. Di-
mension of samples, A: 8.2 x 3.8 x 0.4 mrn, B:
S.O & 3.0 x 0.33 mm .
II. EXPERIMENTAL
The dielectric constants of two SrTi03 single-crystal
samples A and 8 were measured in the temperature
range 0.3 —300 K in a 'He cryostat. To obtain
monodomain crystals, "both samples were thermally
treated by rapidly cycling between room temperature
and liquid-nitrogen temperature five times before
loading into the cryostat. A third sample C was
measured between 0.035 and 4.2 K in an adiabatic
demagnetization cryostat. ' The temperature T was
measured with a copper-constantan thermocouple and
with carbon resistors which were calibrated for
1.25 «T «4.2 K against the vapor pressure of 4He
and for T «1.25 K against the magnetic susceptibility
of cerium magnesium nitrate (CMN). The capaci-
tance measurements were performed with an au-
20 n mrs
I-
O
~ l2
C3
UJ
LLI~ sX
'o
0 '
S
C A
U M
R P
E II T' IE E
l
0.3
A [110]
2 B [110]
3 B [110]
A [«0] [«0]
l . I I l
&0 30
TEMPERATURE [K]
100 300
FIG, 2. Dielectric constants ~jjp and ~jjp of the monodomain SrTi03 samples A and 8 (O-,h is the stress applied by thermal
treatment). Inset: 10 /e vsT.K.A. Müller and H. Burkard PRB 19, 3593 (1979)
NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics 1
news & views
Can ferroelectricity and superconductivity occur simultaneously? Can ferroelectricity 
boost the superconducting critical 
temperature? Writing in Nature Physics, 
Carl Rischau and colleagues1 report 
experimental results suggesting that the 
coexistence of a ferroelectric-like state and 
superconductivity may be possible.
Ferroelectricity usually originates 
from a structural instability in a material 
with a high-temperature, inversion-
symmetric, dielectric insulating phase. 
Below a critical temperature — the Curie 
temperature TC — a structural transition 
takes place: the compound’s symmetry 
lowers and is no longer centrosymmetric, 
leading to a macroscopic polarization 
that can be reversed by an electric field. 
Superconductivity is often found in metallic 
systems below a critical temperature Tc at 
which electrons form Cooper pairs and 
condense, leading to a zero-resistance state 
and magnetic flux expulsion (the so-called 
Meissner effect).
The stability of a polar metallic state was 
first proposed in 1965 by Philip Anderson2. 
Experimental evidence of such a state has 
been scarce; recent ‘sightings’ involved doped 
BaTiO3 surfaces3 and (111) LaNiO3 films4. 
Yet the coexistence of superconductivity 
and ferroelectricity would still come as a 
surprise, since the two phases do not seem to 
have much in common.
Enter SrTiO3, a widely studied insulating 
compound experiencing an enduring 
fascination from the condensed-matter 
community. This strong interest stems partly 
from the fact that SrTiO3 is on the verge 
of a ferroelectric instability. The variation 
of its static dielectric constant on lowering 
the temperature is similar to that of a 
ferroelectric material, with a divergence 
taking place at TC, but it does not become 
infinite; it ultimately levels off at very low 
temperature to a value in excess of 25,000 
(the dielectric constant of silicon dioxide 
is about 4).
Quantum fluctuations can account for 
such behaviour: they prevent a macroscopic 
polarization from developing since the 
barrier between the two equivalent free-
energy minima of the ferroelectric double 
well is too small to prevent tunnelling 
between the ‘up’ and ‘down’ polar states 
(Fig. 1). Strain, very small isovalent Ca 
doping, or substitution of 16O with 18O 
atoms are all able to turn SrTiO3 into 
a ferroelectric.
SrTiO3 can also be doped with electrons 
by replacing Sr with La, Ti with Nb, or 
reducing the oxygen content. SrTiO3 then 
becomes conducting and superconducting 
at very low electronic densities (of the order 
of 1017 cm–3). This low-density conduction 
is linked to the large dielectric constant and 
concomitant large Bohr radius that prevents 
electron localization. These two ordered 
states, ferroelectricity and superconductivity, 
are thus not ‘far’ from the pristine SrTiO3 
ground state.
Rischau and colleagues have now studied 
SrTiO3 crystals that are not only oxygen-
deficient — that is, electron-doped and 
hence superconducting — but also weakly 
doped with Ca (enabling a ferroelectric-
like state to develop). Measurements of 
thermal expansion, sound velocity and 
resistivity show that, in some doping range, 
superconducting crystals display signatures 
of a structural phase transition similar to 
the typical ferroelectric transition seen in 
insulating, undoped crystals. Anomalies 
at the phase-transition temperature in the 
resistivity suggest a coupling of the structural 
transition to the electronic system.
The authors mapped out a temperature-
versus-carrier concentration phase 
diagram, featuring a region where the 
superconducting and ‘ferroelectric’ states 
coexist, and established a correspondence 
between the level of doping (oxygen 
vacancies or calcium) and the carrier 
concentration. (Quotation marks for the 
term ferroelectric are in order since the 
polarization cannot be switched in the 
metallic phase.)
Further studies are needed for elucidating 
the role of Ca doping on the structure and 
electronic properties of SrTiO3. One may 
wonder, for instance, whether Ca doping, 
which lowers the local crystal symmetry, 
causes couplings to other modes that may 
mix orbital states. Also, does Ca doping 
change the level of correlations and the 
bandwidth of the system (the latter being 
related to orbital overlap), possibly requiring 
the introduction of an extra scale in the 
phase diagram in addition to that pertaining 
to electron and Ca doping?
An interesting observation is that 
for a range of values of carrier densities 
in the region of overlapping orders, the 
superconducting critical temperature 
Tc is higher for Ca-doped crystals than 
SUPERCONDUCTIVITY
Ferr electricity woos pairing
Ferroelectricity and superconductivity do not have much in common. Now, a superconducting and a  
ferroelectric-like state av  been found to coexist in a doped perovskite oxide.
Marc Gabay and Jean-Marc riscone
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Figure 1 | Energy versus polarization as a function 
of a tuning parameter. When approaching the 
quantum critical point (QCP), for a particular 
value of the tuning parameter, the system is in a 
‘quantum paraelectric state’: the double well is 
not deep enough to allow for a stable polarization 
(ferroelectric state) to develop. Ca-doping, the 
tuning mechanism used by Rischau et al.1, drives 
SrTiO3 from a quantum paraelectric state to a 
ferroelectric state.
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Role of the ferroelectric soft mode
low doping. We first write a quantum model for the
ferroelectric phase transition which yields a spectrum for
the FE phonons. Then, we calculate the superconducting
coupling constant, using the McMillan formula [37].
We use the order-disorder approach [38,39] to model
the ferroelectric fluctuations of the modes shown in Fig. 1.
We assume that these modes have Ising character. By
analogy with magnetic phase transitions, the transverse
Ising model
H ¼ Γ
X
i
σxðiÞ −
X
i;j
Ji;jσzðiÞσzðjÞ ð1Þ
can be used to describe the FE transition [8]. Here, σx;zðiÞ
are the Pauli matrices for site i, Γ=ℏ is the onsite tunneling
rate, Ji;j is the intersite coupling, given by the energy
difference between two cells with their dipoles aligned
parallel or antiparallel to each other, and the eigenstates of
σz represent the state of the system in one of the two wells.
The quantum phase transition occurs when Γ ∼
P
jJ0;j [8].
Our DFT study shows that doping the system will reduce
the barrier and thus increase Γ. The excitations of (1), in the
paraelectric phase Γ >
P
jJ0;j, are given by [8]
ω2q ¼ 4ΓðΓ − hσxiJqÞ; ð2Þ
where Jq ¼
P
jJ0;je
iRjq is the Fourier transform of the
coupling and hσxi ∼ 1 is the average of σxðiÞ. In our
analysis we consider only nearest-neighbor coupling for
simplicity. Long-range interactions make the calculation
more intricate but do not yield any qualitative changes.
Furthermore, since the antiferrodistortive rotations of the
TiO6 octahedra render the lattice highly anisotropic, we
treat the system as one dimensional. Thus, we write the
coupling as Jq ¼ 2J cosðqÞ, where J is a constant and q is
the wave number in the direction of the largest coupling.
When the system is close to the phase transition it
becomes gapless as the lowest excitation softens, ωq¼0 → 0
(see Supplemental Material [24] Sec. II). This is accom-
panied a large susceptibility and an enhanced electron-
phonon coupling. To quantify this idea we calculate
the dependence of Tc on the phononic spectrum using
the formalism of Eliashberg strong-coupling theory. The
coupling constant for superconductivity is given by [37]
λ ¼
Z
∞
0
α2ðωÞFðωÞ dω
ω
; ð3Þ
where αðωÞ is the electron-phonon coupling, which we
assume to be the constant α, and FðωÞ is the spectral
density of the phonons. In the limit of a van Hove
singularity at q ¼ 0, so that FðωÞ ∼ δðω − ω0Þ, this yields
λ ¼ α2 1
ωq¼0ðf18; EFÞ ; ð4Þ
which already captures the main physical picture of
soft-mode enhanced superconductivity. The full solution
is obtained by inserting FðωÞ ¼ R dqδðω − ωqÞ into (3)
and transforming it to an integral over q: λ ¼ R α2ðdq=ωqÞ,
where ωq is given by Eq. (2). One then obtains
λ ∼
Z
π
−π
dq
2Γ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 − 2J cosðqÞ=Γp : ð5Þ
The critical temperature can then be obtained by com-
bining this coupling constant, which was calculated using
strong coupling theory, with the standard expression (see,
for example, Ref. [40])
1 ¼ λ
2π2
Z
0
−EF
dϵNðϵÞ tanh ðϵ=2TcÞ
ϵ
; ð6Þ
where ϵ is the energy relative to the Fermi energy, EF, and
NðϵÞ is the density of states. The lower limit of the integral
(a)
(b)
FIG. 2 (color online). (a) Schematic phase diagram of STO as a
function of carrier doping and isotope replacement. The orange
circles mark the experimentally measured transition to super-
conductivity, as observed in Ref. [3]. The blue circles are the
measured transition temperatures [14] from the paraelectric (PE)
to the ferroelectric (FE) phase as a function of 18O isotope
substitution. Our DFT calculations suggest that the ferroelectric
phase penetrates slightly into the nonzero doping regime, but then
quickly disappears as doping suppresses ferroelectricity, although
no experimental data for this transition line is available. The
maximal value of doping at which the ferroelectric phase persists
is labeled as n$. Although we have no precise calculation for n$,
its value should lie in the range 1019 < n$ < 1020. (b) Schematic
illustration for the lowering of the lowest energy levels (dashed
red lines) in the double well potential (black solid line) as f18 is
increased.
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low doping. We first write a quantum model for the
ferroelectric phase transition which yields a spectrum for
the FE phonons. Then, we calculate the superconducting
coupling constant, using the McMillan formula [37].
We use the order-disorder approach [38,39] to model
the ferroelectric fluctuations of the modes shown in Fig. 1.
We assume that these modes have Ising character. By
analogy with magnetic phase transitions, the transverse
Ising model
H ¼ Γ
X
i
σxðiÞ −
X
i;j
Ji;jσzðiÞσzðjÞ ð1Þ
can be used to describe the FE transition [8]. Here, σx;zðiÞ
are the Pauli matrices for site i, Γ=ℏ is the onsite tunneling
rate, Ji;j is the intersite coupling, given by the energy
difference between two cells with their dipoles aligned
parallel or antiparallel to each other, and the eigenstates of
σz represent the state of the system in one of the two wells.
The quantum phase transition occurs when Γ ∼
P
jJ0;j [8].
Our DFT study shows that doping the system will reduce
the barrier and thus increase Γ. The excitations of (1), in the
paraelectric phase Γ >
P
jJ0;j, are given by [8]
ω2q ¼ 4ΓðΓ − hσxiJqÞ; ð2Þ
where Jq ¼
P
jJ0;je
iRjq is the Fourier transform of the
coupling and hσxi ∼ 1 is the average of σxðiÞ. In our
analysis we consider only nearest-neighbor coupling for
simplicity. Long-range interactions make the calculation
more intricate but do not yield any qualitative changes.
Furthermore, since the antiferrodistortive rotations of the
TiO6 octahedra render the lattic highly anisot opic, we
treat the system as one dimensional. Thus, we write the
coupling as Jq ¼ 2J cosðqÞ, where J is a constant and q is
the wave number in the direction of t e largest coupling.
When the system is close to the phase transition it
becomes gapless as the lowest excitation softens, ωq¼0 → 0
(see Supplemental Material [24] Sec. II). This is accom-
panied a large susceptibility and an enhanced electron-
phonon coupling. To quantify this idea we calculate
the dependence of Tc on the phononic spectrum using
the formalism of Eliashberg strong-co pling theory. The
cou l ng con tant for su rconductivity is given by [37]
λ ¼
Z
∞
0
α2ðωÞFðωÞ dω
ω
; ð3Þ
where αðωÞ is the electron-phonon coupling, which we
assume to be the constant α, and FðωÞ is the spectral
density of the phonons. In the limit of a van Hove
singularity at q ¼ 0, so that FðωÞ ∼ δðω − ω0Þ, this yields
λ ¼ α2 1
ωq¼0ðf18; EFÞ ; ð4Þ
which already captures the main physical picture of
soft-mode enhanced superconductivity. The full solution
is obtained by inserting FðωÞ ¼ R dqδðω − ωqÞ into (3)
and transforming it to an integral over q: λ ¼ R α2ðdq=ωqÞ,
where ωq is given by Eq. (2). One then obtains
λ ∼
Z
π
−π
dq
2Γ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 − 2J cosðqÞ=Γp : ð5Þ
The critical temperature can then be obtained by com-
bining this coupling constant, which was calculated using
strong coupling theory, with the standard expression (see,
for example, Ref. [40])
1 ¼ λ
2π2
Z
0
−EF
dϵNðϵÞ tanh ðϵ=2TcÞ
ϵ
; ð6Þ
where ϵ is the energy relative to the Fermi energy, EF, and
NðϵÞ is the density of states. The lower limit of the integral
(a)
(b)
FIG. 2 (color online). (a) Schematic phase diagram of STO as a
function of carrier doping and isotope replacement. The orange
circles mark the experimentally measured transition to super-
conductivity, as observed in Ref. [3]. The blue circles are the
measured transition temperatures [14] from the paraelectric (PE)
to the ferroelectric (FE) phase as a function of 18O isotope
substitution. Our DFT calculations suggest that the ferroelectric
phase penetrates slightly into the nonzero doping regime, but then
quickly disappears as doping suppresses ferroelectricity, although
no experimental data for this transition line is available. The
maximal value of doping at which the ferroelectric phase persists
is labeled as n$. Although we have no precise calculation for n$,
its value should lie in the range 1019 < n$ < 1020. (b) Schematic
illustration for the lowering of the lowest energy levels (dashed
red lines) in the double well potential (black solid line) as f18 is
increased.
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low doping. We first write a quantum model for th
ferroelectric phase transition which yields a spectrum for
the FE phonons. Then, we calculate the superconducting
coupling consta t, using the McMillan formula [37].
We use the order-disorder approach [38,39] to model
the ferroelectric fluctuations of the modes shown in Fig. 1.
We assume that these modes have Ising character. By
analogy with magnetic phase tr nsitions, the tr nsverse
Ising model
H ¼ Γ
X
i
σxðiÞ −
X
i;j
Ji;jσzðiÞσzðjÞ ð1Þ
can b used to describe the FE transition [8]. Here, σx;zðiÞ
are the Pauli matrices for site i, Γ=ℏ is the onsite tunneling
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circles mark the experimentally measured transition to super-
conductivity, as observed in Ref. [3]. The blue circles are the
measured transition temperatures [14] from the paraelectric (PE)
to the ferroelectric (FE) phase as a function of 18O isotope
substitution. Our DFT calculations suggest that the ferroelectric
phase penetrates slightly into the nonzero doping regime, but then
quickly disappears as doping suppresses ferroelectricity, although
no experimental data for this transition line is available. The
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is set by NðϵÞ ¼ 0 at and below the bottom of th band,
where ϵ < −EF. The upper li it is set by the Fermi l vel,
where we defin ϵ ¼ 0. Since in the low doping scenario
that we consider here the relevant energy range is close to
the bottom of the band, we can assume that NðϵÞ ∼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ϵþ EF
p
close to ϵ ¼ −EF. Using x ¼ ϵ=Tc Eq. (6) th n
becomes
D
λ
¼ ﬃﬃﬃﬃﬃTcp Z 0
−EF=Tc
dx
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
xþ EF=Tc
p tan ðx=2Þ
x
; ð7Þ
where D is a constant of proportionality. Note that Tc has a
double dependence on EF: one directly from the limit of th
integral in Eq. (7) and the other from the dependence of λ
on th tunneli g rate Γ on EF thr ugh its depende ce on the
carrier concentration.
B for we can solve Eq. (7) numerically to obtain Tc as a
function of EF, we need the explicit dependence of the
parameters of our model (1) on doping and isotope
replacement. The quantity with the largest quantitative
influence is the ratio Γ=2J, which is equal to one on the
QCL. For simplicity we s t 2J ¼ 1 a d con i er only the
dependence of Γ. As discussed above, carrier doping
decreases the barrier between the two wells nd thus
increases the tunneling energy Γ. This effect starts at
low doping and becom s very strong around carrier
concentrations of 1020e=cm3, best described by both a
linear and quadratic dependence on EF. 18O replacement on
the other hand should de rease Γ approximately linearly as
the zero-point energy levels shift deep r into the wells.
Furthermore, we require that at zero doping and 35% 18O
substitution, which is the known QCP, Γ should equal unity.
The following form captur s these facts and is, therefore,
sensibly used in our calculations
Γ ¼ 1 − Aðf18 − 0.35Þ þ BE2F þ CEF; ð8Þ
where f18 is the 18O fraction and the constants A, B, and C
are chosen so that the calculated Tc for f18 ¼ 0matches t e
experimental value. We then use the expression Γ from
Eq. (8) and insert this i to Eq. (7) to calculate Tc.
In Fig. 3 we plot our calculated Tc as a function of the
Fermi energy (converted to carrier concentration) for
various values of f18. Two features are clear from the
plot: (i) we find a significant enhancement of Tc with
increased 18O content, reflecting the fact that the isotope
substituted system is closer to the QCP. (ii) we find that the
peak of the superconducting dome shifts to lower carrier
concentrations, since the enhancement of λ and thus Tc is
strongest close to the QCP, as can be seen from Eq. (3). We
note that, even when f18 exceeds 0.35, doping quickly
reduces the depth of the double wells, allowing quantum
fluctuations to return STO to the quantum paraelectric state.
Thus, apart from the limit of very low doping, all systems
we consider have paraelectric, not ferroelectric ground
states. In our echanism for superconductivity in STO,
increasing the atomic mass leads to an increase of the
critical temperature. That is ðdTc=df18Þ=Tc > 0 (for
details, see Supplemental Material [24], Sec. III). This
differs profoundly from the well-known isotope effect in
BCS superconductors, in which ðΔTc=TcÞ ¼ − 12 ðΔM=MÞ
[41], whereM is the mass of the atoms. This arises from the
dependence of Tc on the Debye frequency.
We have provided a description of the superconducting
dome in STO in which the QCP at zero doping provides
low energy soft phonon excitations, which lead to a large
coupling constant. Increasing the doping provides car-
riers for superconductivity but reduces the ferro lectric
quantum fluctuations and decreases the coupling con-
stant, eventually suppressing the superconductivity and
l miting t e top o the superconducting dome. Since
isotope substitution allows tuning of the QCP, our model
predicts a large and unusual isotope effect on Tc,
see Fig. 3, which should be experimentally observable.
Th understanding f the co petition between carrier
concentration and proximity to a QCP developed here
provides a new design guideline in the search for novel
superconducting compounds and suggests a route to
engineering materials with higher Tc’s through tuning
the location of their QCP.
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Note added.—Recently, another closely related paper has
appeared [42].
FIG. 3 (color online). Calculated Tc as a function of doping
level for several fractions of isotope replacement, f18. The blue
diamonds are experimental results taken from Ref. [3]. Replacing
16O with 18O moves the QCP closer to the doping range relevant
for superconductivity and causes a significant enhancement in Tc.
We use the parameters A¼0.4, B¼10−6 K−2, C¼2.5×10−3K−1,
D ¼ 95 K1=2, as defined in the main text.
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The BCS weak coupling limit gives an isotope coefficient α = − d(ln Tc)/d(ln M) = 0.5 (where M is the oxygen 
isotope mass), corresponding to a Tc shift of − 5% as opposed to approximately + 50% in the data presented here. 
The first main observation is therefore that, contrary to most superconducting materials, the isotope coefficient 
in SrTiO3 is negative. In some other rare cases α < 0 has been observed: the pure uranium (α = − 2.2)30, the 
high-Tc superconductor Bi2Sr2Ca2Cu3O10 (α = − 0.1)31, and the metal hydride PdH(D)x32,33 (− 0.3 < α < − 0.1). 
Controversial sign changes of the isotope coefficient have been observed in (Ba,K)Fe2As2 (α = − 0.2)34,35 (due 
to differences in the sample composition), and in pure lithium under high pressure (α changes with increasing 
pressure36). We will not dwell on the physical origins of the isotope effect in these cases, which are certainly different 
in the case of uranium, and possibly different in the other examples as well. Our second main observation is, that 
also the magnitude of the isotope effect is remarkable: an overall enhancement of Tc of a factor 1.5 is observed 
Figure 1. Normalized resistivity vs. temperature at the superconducting transition of three different doping 
levels: (a) n = 0.004 nm−3 (b) n = 0.02 nm−3 (c) n = 0.07 nm−3 (d) AC-Susceptibility showing the magnetic 
transition to the superconducting state of the same sample as in panel (c). (e) Tc vs. charge carrier density. Full 
symbols: experimental data of the present study for SrTi18O3−y (red) and SrTi16O3−y (black). Grey symbols: Tc 
values reproduced from ref. 17. Black diamond and star refer to samples in which 16O was back-substituted after 
isotope substitutions (see Methods).
b
d
FIG. 4: Evolution of the superconducting transition temperature a) With increasing dop-
ing, the magnitude of normal-state resistivity decreases and the critical temperature rises. b)
Superconducting transition seen by resistivity and ac susceptibility in Ca-substituted and Ca-
free samples with comparable carrier concentration in the range where Ca substitution enhances
Tc. c) Resistive critical temperature, Tc, as a function of carrier concentration in SrTiO3   and
Sr0.991Ca0.009TiO3  . Additional Fermi surface pockets emerge at nc1 and nc2[7]. The variation of
Curie temperature with carrier concentration is also shown. Note the increase in the superconduct-
ing Tc is enhanced in the vicinity of n⇤Ca, the concentration at which the ferroelectric-like order is
destroyed. d) Sketch of the phase diagram showing the region where superconducting (SC) and
ferroelectric (FE) order coexist and the increase in Tc induced by Ca substitution.
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Conclusions - open questions
The bulk and interface phase 
diagrams are different - the modified 
electronic structure and the heavy 
bands play a key role 
Impact of spin-orbit on SC? 
Do ferroelectric fluctuations 
contribute to pairing in SrTiO3? 
resistance, R(T), measurements (Methods and Extended Data Fig. 4).
Because the gap is still observed in the tunnel characteristics for
VG,2150V, it is either present in the insulating state, for example
as expected from the observation of the superconductor–insulator
transition at the quantum pair resistance3; or the superconductivity
in the device is inhomogeneous, with normal-conducting or insulating
areas and areas that are still superconducting. Inhomogeneous trans-
port in the normal state was recently observed in the 2DEL. However,
the inhomogeneity of the superfluid density was reported to be small
and to diminish with increasing negative gate voltage22. Figure 4c
shows the coherence-peak-broadening parameter20, C, obtained from
the Dynes fit, and the ratio D/C, which can be interpreted as the
product of the strength of the superconducting pairing interaction and
the strength of the quasiparticle coherence. As a function of the charge
carrier density, the critical temperature follows the D/C ratio well.
Contrary to our expectations, D and Tgap do not have a maximum
value that coincides with the maximum Tc of the superconducting
dome, but rather the gap increases continuously with charge carrier
depletion. Because the gap continuously evolves from the overdoped
region to the underdoped region and the quasiparticle peaks remain
present, we conclude that the gap in the underdoped regime is indeed a
superconducting gap. The reduction inTc with respect toTgap can then
be due either to a competing order parameter or to weak phase coher-
ence in the superconductor. The observation that Tc scales with D/C
indicates that the limited quasiparticle lifetime is an important factor
controlling Tc in the underdoped regime. In the case of a supercon-
ductor limited by phase coherence, Tc is expected to be proportional to
the superfluid density23. Recentmeasurements24 demonstrated that the
superfluid density decreaseswith charge carrier depletion in the under-
doped regime, indicating the importance of phase fluctuations in this
part of the phase diagram. In addition, the reduction in Tc can also be
explained by a competing order parameter. This phase is then expected
to involve a mechanism that enables an additional quasiparticle scat-
tering channel, thereby reducing its lifetime.
Figure 5 illustrates our main result: the doping-dependent pseudo-
gap behaviour of the high-Tc copper oxide superconductors is analog-
ous to the gap behaviour of the LaAlO3–SrTiO3 interface 2DEL, even
though the superconducting dome of the latter system occurs for a
carrier density ten times lower than that of the former system3,25. In
both systems, Tgap does not follow Tc in the underdoped region of the
phase diagram, but increaseswith charge carrier depletion.Moreover a
reduction in the quasiparticle lifetime has been observed in the under-
doped region of the high-Tc copper oxide superconductors6,26, very
similar to our result for the non-copper-oxide interface 2DEL. These
commonalities show that much of the high-Tc-superconductor pseu-
dogap behaviour is found in a 2D superconductor that has a comple-
tely different Fermi surface27 than the high-Tc superconductors and in
which, in contrast to the high-Tc superconductors, there are no Mott
phases and antiferromagnetic insulating states in the underdoped
regime. The common presence of a gap above Tc in 2D systems, for
example in ultrathin TiN films28 and in atomic Fermi gases29, and the
behaviour of the LaAlO3–SrTiO3 interface superconductor therefore
suggest that 2D superconductors in general have a phase diagramwith
a gap above Tc in the underdoped region and an ever increasing gap
with charge carrier depletion.
METHODS SUMMARY
Using pulsed laser deposition monitored by reflection high-energy electron
diffraction, LaAlO3 films were grown onto TiO2-terminated SrTiO3 substrates
(CrysTec GmbH) at an oxygen pressure of 13 1024mbar at 780 uC. The LaAlO3
was ablated from a single-crystalline target with a laser fluence of,1 J cm22. After
annealing, the samples were transferred in situ into a sputtering system, where
,30nmofAuwere deposited onto the sample surface by radio-frequency sputter-
ing. The Au was patterned subsequently into photolithographically defined, ring-
shaped electrodes by wet etching with a KI1 I2 solution. Contacts to the 2DEL
were made by refilling Ar-ion-etched pits with sputtered Ti and Au. We attached
wires to the top electrode usingAg glue and to the contacts to the 2DELwithwedge
bonding. Tunnelling spectra were acquired by sourcing current from the top Au
electrode to the centre contact of the 2DEL and measuring the voltage between a
secondwire on the top contact and the outer 2DEL contact ring. To tune the super-
conducting state electrostatically, a gate voltage, VG, was applied to the Ag-coated
back side of the SrTiO3 substratewhile the 2DELwas held at ground potential. The
electron microscopy and spectroscopy measurements were performed on the
aberration-corrected 100-kV Nion UltraSTEM at Cornell University (Extended
Data Fig. 1). Each spectrum in the 1803 180pixelmapwas acquired for 20ms and
captured theTi L2,3 edge, theOK edge and the LaM4,5 edge simultaneously.One of
the samples was grown on a SrTiO3 substrate in which the oxygen ions were partly
exchanged for the heavier 18O isotope before film growth30. No clear difference in
the superconducting properties was found between this sample and the other
samples, either in tunnelling or in R(T) measurements.
OnlineContentAny additionalMethods, ExtendedData display itemsandSource
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Figure 4 | Dependences of Tc and Tgap on gate voltage. Measured
dependence on gate voltage of the superconducting transition temperature, Tc,
and the temperature at which the gap closes, Tgap (a); the superconducting gap,
D(0K) (b); and the coherence-peak-broadening parameter, C(0K), and the
ratio D(0K)/C(0K) (c). Error bars define the 90% confidence interval.
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Figure 5 | Comparison between phase diagrams for LaAlO3–SrTiO3 and
copper oxide superconductors. Illustration of the doping-versus-temperature
phase diagram of the n-doped LaAlO3–SrTiO3 interface 2DEL and the p-doped
high-Tc copper oxide superconductors. The charge carrier density is given in
units of charge carriers per 2D unit cell. AFM, antiferromagnetic; SC,
superconducting.
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